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Abstract

Rituximab is an anti-CD20 monoclonal antibody (mAb) used in the treatment of B-cell 

malignancies. Loss of surface CD20 antigen from the surface of target cells is thought to be one 

mechanism governing resistance to rituximab, but how this occurs is not completely understood. 

Two explanations for this have been proposed: antigenic modulation whereby mAb:CD20 

complexes are internalised in a B-cell intrinsic process; and shaving, where mAb:CD20 complexes 

undergo trogocytic removal by effector cells such as macrophages. However, there are conflicting 

evidence as to which predominates in clinical scenarios and hence the best strategies to overcome 

resistance. Here we investigated the relative importance of modulation and shaving in the 

downregulation of surface mAb:CD20. We used both murine and human systems and treated ex-

vivo macrophages with varying concentrations of non-Fc gamma receptor (FcγR)-interacting 

beads to achieve differential macrophage saturation states, hence controllably suppressing further 

phagocytosis of target cells. We then monitored the level and localisation of mAb:CD20 using a 

quenching assay. Suppression of phagocytosis with bead treatment decreased shaving and 

increased modulation suggesting that the two compete for surface rituximab:CD20. Under all 

conditions tested modulation predominated in rituximab loss whilst shaving represented an 

epiphenomenon to phagocytosis. We also demonstrate that the non-modulating, glycoengineered, 

type II mAb obinutuzumab caused a modest but significant increase in shaving compared to type 

II BHH2 human IgG1 wild-type mAb. Therefore shaving may represent an important mechanism 

of resistance when modulation is curtailed and glycoengineering mAb to increase affinity for 

FcγR may enhance resistance due to shaving.
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Introduction

The introduction of rituximab, a type I anti-CD20 mAb, revolutionised the treatment of B-

cell associated haematologic malignancies and autoimmune pathologies. However, there is 

an absence of a clear consensus on both its mechanisms of B-cell depletion and resistance in 

patients. A large proportion of B-cell lymphomas are still unresponsive or resistant to 

treatment(1) with some patients demonstrating loss of CD20 from their target cell surface(2, 

3)Two explanations have been proposed for CD20 loss: ‘modulation’- B-cell intrinsic 

internalisation of rituximab:CD20 complexes(4, 5) and trogocytosis (also known as shaving) 

from the surface of B-cells by effector cells(6–8). Both are thought to occur, but there is a 

lack of understanding about which might be more important for resistance, knowledge 

which would be critical in order to develop further CD20 based mAb therapy modalities and 

with implications for other depleting mAb.

Rituximab binds to CD20 through its variable region and elicits downstream immune 

effector functions via Fc:FcγR interactions(9). Although the identity of the FcγR expressing 

effector cells is still debated, a multitude of data supports a role for phagocytic monocytes or 

macrophages(4, 10, 11). A requirement for macrophages was similarly reported in the 

context of anti-CD30(12) and anti-CD40(13) antibody therapy in mouse lymphoma models, 

and recently in checkpoint blockade therapy such as anti-CTLA-4(14) and anti-PD-L1(15) 

against melanoma in murine models. Further to previous indications, recent in vivo evidence 

using intravital imaging suggests that hepatic Kupffer cells are responsible for the clearance 

of circulating CD20-expressing cells(16). Macrophages may thus be at least partially 

responsible for the efficacy of anti-CD20 mAbs. However, the ability of cells of the 

monocyte-macrophage lineage, via their FcγRs, to mediate the ‘shaving’ of rituximab:CD20 

immune complexes from the surface of B-cells in vitro(6–8) and in vivo(17) has been 

reported. This shaving phenomenon has also been suggested to occur in vivo in rituximab 

recipients(18) and has thus been proposed as a mechanism to limit therapeutic efficacy. It 

has been implied that the body’s effector mechanisms may be saturated at high burdens of 

rituximab-opsonised B-cells and as a consequence, opsonised B-cells are processed by an 

alternative pathway, involving removal or shaving of rituximab-CD20 from B-cells by 

monocytes/macrophages(19). Although evidence for shaving was originally provided in 

1976(20), there is a paucity of experimental data and published research providing a link 

between macrophage saturation status and shaving.

To better understand the relative contribution of shaving versus modulation to the loss of 

surface mAb:CD20 in the context of differential macrophage saturation states, we developed 

an in vitro assay, built upon a quenching assay used by us to study modulation(4). Contrary 

to previous observations,(18) we show that mAb:CD20 shaving is limited by macrophage 

saturation. Suppression of macrophage phagocytosis when fully loaded with beads led to 

concomitant decrease in shaving and increase in type I mAb mediated modulation 
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suggesting that the two mechanisms of mAb:antigen loss compete. However, overall, more 

surface type I mAb:CD20 was removed by modulation. This was consistently observed with 

murine bone marrow derived macrophage (BMDM) and human monocyte derived 

macrophage (MDM), with both cell-lines and primary B-cells used as targets for 

phagocytosis. Additionally, type II anti-CD20 mAb, known to be less susceptible to 

modulation, were also susceptible to shaving from the B-cell surface, suggesting that the 

process of shaving may predominate in circumstances where modulation is not active.

Materials and Methods

Cell culture, clinical samples and ethics

Ethical approval was obtained by Southampton University Hospitals NHS Trust from 

Southampton and South West Hampshire Research Ethics Committee. Informed consent was 

provided in accordance with the Declaration of Helsinki. Chronic lymphocytic leukaemia 

(CLL) samples were released from the Human Tissue Authority licensed University of 

Southampton, Cancer Sciences Unit Tissue Bank and leukocyte cones from Southampton 

General Hospital National Blood Service. Human B cell lymphoma (Ramos) cell line were 

maintained at 37°C, 5% CO2 in RPMI 1640 (Gibco) supplemented with glutamine and 

pyruvate, penicillin-streptomycin and 10% v/v fetal calf serum (FCS). Additionally, 

Geneticin (Invitrogen) was used as a selection antibiotic at 20 µg/ml. Human monocytic 

leukaemia THP1 cell line was obtained from European Collection of Cell Cultures and 

maintained in supplemented RPMI 1640 (37°C, 5% CO2).

Bead labelling

Bovine serum albumin (BSA) or Alexa Fluor® 488 (A488)-lebellled BSA were dialysed in 

50mM trisodium citrate (pH 4.2). 200μl of 3μm sulphate latex beads (Invitrogen) were 

centrifuged and 400μg of dialysed BSA – representative of saturating quantities – was added 

to packed beads, mixed and incubated for 1 hour at 4°C. BSA-coated beads were 

centrifuged, washed 3 times and re-suspended in a final volume of 400μl phosphate buffered 

saline (PBS).

Generation and polarisation of murine bone-marrow derived macrophage (BMDM); and 
generation of human monocyte derived macrophage (MDM)

BMDM and MDM were generated as described(21, 22). For polarisation of mBMDM, cells 

were stimulated overnight with M1 stimuli, lipopolysaccharide (LPS): 50ng/ml, recombinant 

murine (rm) interferon gamma (IFN-γ): 2ng/ml (Peprotech) and M2 stimuli rm interleukin-4 

(IL-4): 10ng/ml (Peprotech) and rmIL-13: 10ng/ml (Peprotech).

In vivo B cell deletion

Human CD20 transgenic BALB/c mice were intravenously (i.v) administered with 2.5μg, 

25μg or 250μg Ritm2a or 250μg of an irrelevant antibody WR17m2a in 200μl PBS via tail 

vein. Blood was sampled at indicated time points and was labelled with CD19-APC 

(ebioscience) to determine remaining circulating B cells. To determine CD20 expression on 

B cells, cells were opsonised with excess antibody (10μg/ml) and stained with secondary 

goat anti-mouse IgG-FITC antibody (Jackson ImmunoResearch), and labelled with CD19-
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APC and B220-PerCP (ebioscience). Percentage of CD20 antigen expression on B cells was 

calculated in relation to MFI of CD20 on B cells in mice treated with control WR17 

antibody.

Phagocytosis and quenching assay

BMDM were incubated with Trypsin-EDTA solution at 37°C for 15 mins whilst MDM were 

incubated with PBS on ice for 15 mins. Cells were harvested using a cell-scrapper, re-

suspended at 5x105 cells/ml and plated at 100μl/well (5x104 cells) in flat-bottomed 96-well 

plates in complete media. BSA-coated 3μm beads were used to differentially saturate 

macrophages for 1 hour, gently washed with PBS and 100μl fresh media added. Murine 

splenic human CD20 transgenic B-cells(4, 21, 22), human Ramos B cell line(23) or primary 

B-CLL cells, labelled with PKH26 (Sigma), were opsonised with Alexa Fluor® 488 (A488)- 

Ritm2a or Rituximab, respectively, or an irrelevant antibody (anti-CD40 mAb Lob-7/6 or 

Herceptin, respectively; 10μg/ml, 30 minutes, 4°C); washed and added to relevant wells at a 

ratio of 5 targets: 1 macrophage effector (100μl/well; 2.5x105 cells). Opsonised B-cells were 

also plated in the absence of macrophages and incubated at 37°C (modulation positive 

control) or 4°C (modulation negative control) for overnight. Following incubation for ~16 

hours, wells were harvested, washed and 2.5μl of anti-A488 quenching antibody (Life 

technologies) added to half of all samples. Following incubation on ice for 30 minutes, cells 

were washed and analysed by flow cytometry (FACS Scan, Calibur or Canto II). FACS data 

was analysed using FCS Express V3 software (De Novo Software™). After gating on B-

cells and subtraction of background fluorescence, the calculations used for each level of 

macrophage saturation are as follows:

% sur f ace accessible CD20

= Unquenched B cell FL1 geomean − Quenched FL1 geomean
Unquenched FL1 geomean × 100

% o f control total f luoresence

= Unquenched FL1 geomean
Average o f 4°C and 37°C modulation control Unquenched FL1 geomeans × 100

% overall mod ulation

= Quenched FL1 geomean
Average o f 4°C and 37°C modulation control Unquenched FL1 geomeans × 100

Confocal microscopy

Human MDM adhered to 1μ-Slide 8 well ibiTreat (ibidi) plates were stained with 1μM 

CellTracker™ Green CMFDA (5-Chloromethylfluorescein Diacetate) (Invitrogen), and 

loaded with 3μm BSA-beads for 1 hour or left unloaded. Primary B-CLL cells were labelled 

with 8μM of nuclear dye Hoechst 33342 (Sigma) at 37°C and subsequently opsonised with 

10μg/ml Rituximab-pHrodo on ice, for 30 minutes each, with wash steps in between. 

Alternatively, MDMs were labelled with PKH26 (Sigma). Live cell imaging was 
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implemented on addition of CLL cells or 3μm-BSA-A488 beads to MDMs, using a Leica 

SP5 Laser Scanning Confocal Microscope. Image J was used for analysis.

Statistics

Assays were set up in triplicate and repeated three times whenever possible. Statistical 

significance between groups was calculated using ANOVA with post-hoc correction 

(GraphPad Prism 6), and a p value <0.05 was considered significant at the 95% confidence 

interval. Asterisks denote statistical significance (* p<0.05; ** p<0.01; *** p<0.001; and 

****p<0.0001).

Results

Quantitation of BMDM uptake of latex beads and target B-cells

We first established a bead-loading assay to identify the number of beads required to saturate 

BMDM. Uptake of beads larger than 15μm has previously been shown to be FcγR-

dependent(24). Therefore, to bypass the requirement for FcγR in the uptake of beads and to 

achieve maximal uptake by macrophages, BSA-coated 3μm beads were chosen as targets. 

BMDM were loaded with differential densities of A488-BSA labelled 3μm non-degradable 

latex beads. We observed by both microscopy and flow cytometry (Figure 1A and 

Supplemental figure 1A) that BMDM saturation occurred with bead density greater than 

26:1 (beads:macrophage) (Figure 1B). We then assessed the interaction of bead loaded 

BMDM with PKH26 labelled human CD20 transgenic murine splenic B-cells that were 

opsonised with Ritm2a, a mouse IgG2a version of rituximab used by us previously(4, 21, 

22), or an irrelevant (Irr) antibody (Figure 1C and Supplemental figure 2). As expected, 

‘empty’ (0 beads) BMDM were able to efficiently phagocytose target B-cells while BMDM 

previously fully loaded with beads (65 beads) were unable to further phagocytose target 

cells, giving a negative correlation between bead saturation state and phagocytosis of Ritm2a 

opsonised B-cells (Figure 1C). B-cell associated fluorescence and hence the total number of 

B-cells phagocytosed by BMDM also decreased with increasing bead concentration (Figure 

1D) suggesting that BMDM phagocytic capacity is limited and saturation prevents further 

uptake.

Shaving is limited in the context of saturated BMDMs

Following optimisation of our bead loading assay, we investigated the relative contributions 

of modulation and shaving to loss of surface mAb:CD20 complexes. Assays were paired, as 

described previously(4), with one sample left unquenched for every sample quenched with 

anti-A488. This enabled calculations of percentage surface accessible CD20, which 

estimates how much mAb:CD20 is on the surface of remaining B-cells, or internalised due 

to modulation, at each particular level of macrophage saturation. Loss of mAb:CD20 

complexes was also calculated by comparing tests as a percentage of total fluorescence from 

unquenched B-cell control; changes in total fluorescence values were compared to estimate 

shaving. Percentage of surface accessible CD20 was significantly lower for the 37°C control 

(Ritm2a opsonised B-cells only, after overnight incubation) than the 4°C control (Ritm2a 

opsonised B-cells only, at time 0) reflecting that modulation had taken place during 

overnight incubation (Figure 2A). However when fully loaded (65 beads) BMDMs were co-
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cultured with B-cells overnight the proportion of Ritm2a:CD20 on the cell surface was not 

different when compared to the 37°C ‘modulation’ control. We only observed a significant 

decline in percentage of surface accessible CD20 at lower levels of BMDM saturation 

(Figure 2A). Notably, B-cell percentage of total control fluorescence readings were 

significantly reduced under conditions of sub-saturated BMDM relative to both controls and 

saturated BMDM (Figure 2B) indicating that shaving is concomitant with phagocytosis and 

is limited in conditions of macrophage saturation.

Only type I anti-CD20 mAb internalise but both type I and II shave

Although type II mAbs have been reported to be similarly subject to shaving(25), the 

shaving of CD20-type II mAb complexes by saturated macrophages has not been assessed. 

We(4, 22) and others(26) have shown that macrophages are capable of mediating the 

phagocytosis of type II antibody opsonised B-cells. The results above demonstrate that 

shaving occurs concomitantly to phagocytosis, and we hypothesised that type II antibody-

opsonised B-cells would also remove/‘shave’ mAb:CD20 complexes in the context of non-

saturated (empty), but not in saturated (full) macrophages. We used both Ritm2a and 

BHH2m2a antibodies at a concentration of 10μg/ml as they elicit phagocytosis optimally, 

display similar propensity to elicit ADCP and saturate all CD20 sites on B cells at this 

concentration (22). In line with previous studies, type II antibodies did not induce 

modulation to the same extent as type I antibodies in our control groups (Figure 2C). 

Notably, the percentage of surface accessible CD20 did not substantially differ throughout 

the groups cultured in the presence of macrophages that were loaded with differential 

concentrations of beads (Figure 2C) indicating that the majority of type II mAb:CD20 

complexes were surface accessible in the face of ongoing phagocytosis. However, type II 

antibody-opsonised B-cells were equally susceptible to shaving in our assay (Figure 2D), as 

has been reported(25)as the percentage of control total fluorescence significantly differed 

between macrophages that were not saturated and saturated with beads. Taken together with 

previous results demonstrating the greater efficacy in vitro and in vivo of type II versus type 

I mAb(4, 22, 27) these data indicate a more dominant role for modulation in the limitation of 

type I antibody therapeutic efficacy.

Reduced type I anti-CD20 mAb dosing does not mitigate modulation without impacting 
efficacy in vivo

Given that our in vitro observations contradict those of Taylor and colleagues(18), we sought 

to confirm our observations regarding Ritm2a in vivo. We have previously reported the 

impact on in vivo human CD20 transgenic B cell depletion efficacy using lower doses of 

Ritm2a(4), but had not directly investigated the effects of lower dose administration on 

modulation. Here we set out to determine over a 100 fold range of mAb concentrations 

whether reducing type I mAb doses would lead to reduced modulation and more effective 

depletion. Ritm2a was administered to human CD20 transgenic mice by tail vein injection 

and the number of circulating B cells monitored over time. A single administration of 250μg 

of Ritm2a led to a rapid and sustained depletion of circulating B cells as previously reported 

(4, 21, 22), 25μg led to a small reduction in B cell number which began to recover after 7 

days and 2.5μg had no effect (Figure 3A). At the same time we also determined the 

percentage of CD20 antigen present on the surface of remaining B cells by flow cytometry. 
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These results demonstrate that at even at high doses of mAb where depletion was relatively 

effective a proportion of circulating B cells remain and these cells are negative for CD20 

thereby explaining their resistance to depletion (Figure 3B). At reduced concentrations there 

is a concomitant increase in CD20 on remaining B cells but at 25μg of Ritm2a where only a 

minor effect on B cell numbers is seen the vast majority of CD20 is still lost from the 

remaining B cells and this CD20 is only regained as the B cell numbers begin to normalise 

(as previously observed [4] and in line with clearance of mAb from the circulation). Notably, 

at 2.5μg mAb administration approximately 60% of CD20 is still lost despite no effect on B 

cell numbers. These data support our contention that reducing mAb concentration to 

increase efficacy through reduced modulation is unlikely to be effective.

BMDM activation state does not alter bead-loading, but M1-polarised BMDMs demonstrate 
enhanced phagocytosis and accelerated shaving

An additional question we asked was how BMDM activation state, reflecting to some extent 

different in vivo macrophage activation phenotypes(28), influences the propensity for 

mAb:CD20 shaving or modulation. We stimulated BMDM with the archetypal classical 

activation (M1) and alternative activation (M2) reagents LPS/IFN-γ and IL-4/-13 

respectively and assessed the ability of skewed BMDMs to uptake 3μm beads. Skewing did 

not alter the ability of macrophages to be loaded with beads, although a slight increase in 

M1 stimulated macrophages was observed (Supplemental figure 3). We then co-cultured 

empty or fully loaded, pre-skewed macrophages with opsonised target cells. In consensus 

with our published observations(29), M1-skewed empty macrophages displayed augmented 

phagocytosis of target cells in comparison to non-treated (NT) and M2-skewed BMDMs 

(Figure 4A). As seen in the above experiments, approximately 25% loss of B-cell total 

fluorescence was observed in the context of non-saturated macrophages, compared to 

saturated macrophages, and this was substantially accentuated (~70%) with M1 skewing 

compared to non-polarised and M2 macrophages (Figure 4B). However, there was no 

change in percentage of surface accessible CD20 with skewing (Figure 4C). This further 

supports the contention that shaving is an epiphenomenon to phagocytosis as in M1 skewed 

conditions, where phagocytosis was substantially enhanced, shaving was also augmented.

Modulation removes more surface CD20 from Ramos cells

Following our murine experiments, we then extended our observations to human 

macrophages and targets. Previous investigations of shaving in B-cell malignancies 

predominantly adopted the monocytic THP-1 cell line in their models(6, 8). We observed 

that the THP-1 cell-line was poorly phagocytic (Supplemental figure 4D), and therefore 

opted for primary macrophages derived from peripheral blood precursors in our assays. 

Once again, we established the bead-loading assay conditions required to differentially 

saturate MDM and identified low, medium and high bead density as approximately 7, 50 and 

93 beads per macrophage. As observed with murine BMDM, MDM when saturated at high 

bead density were unable to mediate further phagocytosis (Supplemental figure 4A and B). 

Analysis of geometric mean fluorescence intensity (MFI) of these MDM showed a positive 

correlation between MFI and the concentration of beads (Supplemental figure 4C).
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We then examined the impact of shaving and modulation on surface rituximab:CD20 levels. 

We have previously shown that FcγRIIB enhances the internalisation of mAb on the surface 

of B cells(23). We therefore stably transfected modulation resistant Ramos cells with 

physiological levels of FcγRIIB, opsonised with AF488 labelled rituximab, co-cultured 

them overnight with MDMs treated with low, medium and high bead density or not-treated 

(NT) MDM and analysed using flow cytometry. As seen with the BMDM assay, the 

percentage of rituximab:CD20 on the cell surface was significantly lower for the 37°C 

control (rituximab-opsonised Ramos cells only, after overnight incubation) than the 4°C 

control (rituximab-opsonised Ramos cells only, at time 0) reflecting that modulation had 

taken place during overnight incubation (Figure 5A). However when MDMs were co-

cultured with Ramos cells overnight, the proportion of CD20-rituximab on the cell surface 

was not different at any of the bead concentrations when compared to the 37°C control. To 

confirm that MDMs were undergoing phagocytosis and shaving on rituximab-opsonised 

Ramos cells and bead treatments modified such interaction, the amount of fluorescently-

tagged mAb taken up by MDMs was assessed (Figure 5B). Results indicated that bead 

treatment affected the amount of rituximab:CD20 taken up by MDMs and not surprisingly, 

NT MDM ‘shaved’ more rituximab:CD20 than MDM treated with high concentration of 

beads. This indicated that bead treatment does modify interactions between MDM and 

rituximab-opsonised B-cells and bead treatment suppressed phagocytosis.

Furthermore, we monitored total (surface and cytoplasmic) rituximab:CD20 on Ramos cells 

to assess the effect of shaving on B-cells. In the presence of NT MDM, but not high bead 

density MDM, Ramos had significantly less total rituximab:CD20 following overnight 

incubation compared to the 37°C control (Figure 5C) implying that MDM are capable of 

trogocytic removal of CD20-rituximab from target B-cells and suppression of phagocytosis 

can influence the level of shaving. Subsequently the amount of rituximab:CD20 internalised 

by modulation was quantified. The level of modulation in Ramos cells was higher in the 

37°C control than those co-cultured with NT MDMs (Figure 5D). Interestingly, the level of 

modulation of the 37°C control was no different to Ramos cells that were co-cultured with 

MDMs treated with high concentration of beads suggesting that modulation and shaving 

compete for surface rituximab:CD20 and that more is removed through modulation and this 

effect is potentiated when phagocytosis is suppressed.

Modulation drives loss of surface rituximab:CD20 on CLL cells but surface 
obinutuzumab:CD20 loss occurs predominantly through shaving

Having established with the Ramos cell-line, which is a poor phagocytic target, that we had 

observed the same overall effects although more muted than for murine BMDM we sought 

to confirm the relative contribution of shaving vs modulation of CD20 from the surface of 

primary human CLL cells by type I and II anti-CD20 antibodies. We used archetypal type I 

anti-CD20 rituximab and two type II mAb - obinutuzumab (GA101), a humanized 

glyocengineered Fc mAb(27) and BHH2 the human IgG1 wild-type parental mAb for 

GA101. We used CLL samples from patients in 5 independent co-culture experiments with 

MDMs from 5 different donors (Example of CLL phagocytosis by MDM is shown in Figure 

6A). As seen with Ramos cells, the level of surface accessible rituximab:CD20 on the CLL 

cell surface in the presence of MDMs were not statistically significant at different bead 
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density when compared to 37°C control (Figure 6B). However, the total level of 

rituximab:CD20 in CLL cells was significantly reduced in the presence of non-treated 

‘empty’ MDMs when compared to the 37°C control but not MDMs treated with high 

concentration of beads (Figure 6C), consistent with earlier observations that suppression of 

phagocytosis can influence the level of trogocytic removal of rituximab:CD20. Furthermore, 

the level of overall modulation significantly decreased in the presence of non-treated MDM 

which was not the case with MDM treated with high concentration of beads (Figure 6D). 

Taken together, these results indicate that, like with Ramos cells, modulation is also the 

dominant cause of the loss rituximab:CD20 from the surface of CLL cells.

Finally, using type II anti-CD20 mAb, which are known to be less susceptible to 

modulation(4), the importance of shaving on surface CD20-mAb level could be examined 

with minimal influence confounded by modulation. The proportion of obinutuzumab:CD20 

or BHH2:CD20 on the surface of CLL cells following overnight incubation without MDMs 

displayed little change, consistent with the lower susceptibility of type II anti-CD20 mAb to 

modulate (Figure 6E and 6H). The presence of MDMs, whether non-treated or treated, led to 

a decrease in total obinutuzumab:CD20 and BHH2:CD20 levels in CLL cells (Figure 6F and 

6I). Such decrease was less pronounced in MDMs treated with high concentration of beads 

compared to those non-treated. Notably, the total obinutuzumab:CD20 levels were 

significantly lower (p=0.0218), albeit it modestly, than BHH2:CD20 levels in NT ‘empty’ 

MDMs (Figure 5F vs 5I) showing that glycoengineering Fc approaches to enhance FcγR 

binding affinity can augment shaving. Not surprisingly, only a minor percentage of 

obinutuzumab:CD20 or BHH2:CD20 was lost through modulation in the presence of MDM, 

whether non-treated or treated with high concentration of beads (Figure 6G and 6J). Taken 

together, these results suggest that in the absence of modulation, surface mAb:CD20 is 

preferentially lost through shaving although this may not limit phagocytosis.

Discussion

It has been proposed that in the presence of a large tumour burden and following a standard 

dose of rituximab, macrophages rapidly become saturated which favours shaving over the 

phagocytosis of mAb-opsonised target cells(19). Here we developed an assay using protein-

coated 3μm latex beads to differentially saturate macrophages, independently of FcγR, to 

reflect conditions of varying macrophage saturation and demonstrate that shaving is largely 

an epiphenomenon occurring in tandem to phagocytosis rather than a mechanism of 

resistance.

In our assay, using murine BMDM, we observed a decrease in B-cell phagocytosis with 

increased bead loading. B-cell modulation controls; negative at 4°C and positive at 37°C 

revealed that a significant proportion of surface CD20 was modulated after overnight 

culture. In comparison to the controls, modulation was shown to be affected by BMDM 

bead-loading. Little surface CD20 was accessible on the B-cells plated with empty BMDMs, 

indicating a large amount of modulation to have taken place, while a greater proportion of 

surface CD20 was accessible on those B-cells plated with saturated BMDMs. Furthermore, 

measurement of total mAb fluorescence, indicative of antibody left available on non-

phagocytosed B-cells was seen to increase with BMDM saturation, suggesting that with 
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increasing BMDM loading, less shaving occurs. These results contradict those of Williams 

et al(18) who suggested that upon saturation of the mononuclear phagocyte system (MPS) 

shaving increases and reduced dosing promotes clearance of target cells. Administration of 

lower doses of antibody did not improve the efficacy of B cell deletion, strengthening the 

notion that reduced mAb concentration may not increase efficacy by reducing modulation. 

Much data supports that the shaving reaction occurs in response to rituximab therapy both in 

vitro and in vivo, however little work has been carried out to test if this is in response to 

saturated macrophages. Our data shows that shaving does occur but more likely as a result of 

ongoing phagocytosis by non-saturated BMDMs than as a consequence of macrophage 

saturation. Beum et al also found that shaving of rituximab:CD20 complexes from CLL cells 

can occur with the THP-1 human monocytic cell-line(6, 8). The authors suggested a similar 

explanation to the above, namely that shaving occurs in response to standard rituximab 

doses causing high rituximab plasma concentrations and MPS saturation. However, actual 

THP-1 saturation was not investigated, and the shaving observed may be a result of ongoing 

phagocytosis as opposed to saturation. We provide evidence in line with this by differentially 

skewing macrophages. In comparison to NT and M2-skewed macrophages, non-saturated 

M1-polarised macrophages were responsible for an accelerated decline in B-cell total 

fluorescence on a background of concomitantly enhanced phagocytosis. Furthermore, we 

have shown that monocytic/macrophage cell-lines including THP-1 are comparably less 

phagocytic than MDM. It is not known how phorbol myristate acetate (PMA) used to 

stimulate THP-1 cells used in the studies of Beum et al(6, 8) affects the phenotype of these 

cells. Therefore to avoid the methodological challenges all together, use of MDM may be 

more relevant and likely to have a closer resemblance to their in vivo counterparts. However, 

our results may allow over-interpretation of shaving as it is difficult to formally rule out the 

selection of CD20 low targets. To address this concern we established this assay using a 5:1 

excess of target to effector cells. In this setting and at the end of the assay a larger proportion 

of the target cells remained with lower MFI than existed in the control untreated population. 

This largely discounts the selection of lower CD20 expressers escaping phagocytosis 

preferentially.

Our studies with the type II anti-CD20 mAb obinutuzumab (glycoenigneered for enhanced 

FcγR interaction) and BHH2 (wild-type human IgG1) showed that shaving removed a 

substantially greater amount of obinutuzumab:CD20 compared to that when rituximab or 

BHH2 were used suggesting that trogocytic removal/shaving of antibody-antigen complexes 

may be a limiting factor to mAb that are less susceptible to modulation, and that 

glycoengineering could hinder the efficacy of type II anti-CD20 mAb immunotherapy.

In the last two decades, remarkable progress has been made in the development of 

antineoplastic mAbs with more than 14 approved by the US Food and Drug Administration 

and many others undergoing clinical trials. However, it is evident that resistance mechanisms 

beyond patient selection factors, such as modulation and shaving may hinder the full 

potential of these therapeutic agents. Whether or not FcγR mediated shaving forms a 

principal mechanism of tumouricidal activity of therapeutic antibodies is hugely debated 

with conflicting evidence. Contrary to previous findings(30), it was recently shown that 

neutrophils do not phagocytose CLL B-cell targets opsonised with anti-CD20 antibodies, but 

rather mediate shaving(31).The ability of macrophages to carry out shaving and 
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phagocytosis of antibody-opsonized HER2-overexpressing breast cancer cells has also been 

demonstrated, and with antibody engineering approaches, the tumoricidal effects of shaving 

may also be enhanced(32). However, this may not be the case with some antibodies; anti-

PD1 antibodies are captured from the T cell surface by macrophages within minutes and this 

macrophage accrual of anti-PD-1 does not involve transfer of cell membrane components or 

trogocytosis, which has been described for rituximab(33). Although our results do not 

immediately contest the existence and relative contribution of the shaving phenomenon, how 

other effectors like NK cells and neutrophils are limited by anti-CD20-mAb complex 

shaving or modulation, and how the predominant mechanism varies between patients and 

disease types are yet to be investigated. Through an increased understanding of resistance, 

future research in this area may benefit patients, not only receiving CD20 based treatments, 

but also other direct targeting and checkpoint antibodies, which may gain approval in the 

near future. Studies with such antibodies will provide more information about the 

importance of modulation to the loss of antibody efficacy. Ultimately, the use of similar 

well-validated assays, alongside in vivo models and human cells assays, for other mAbs and 

indications will be important to gauge potential mechanisms of action and resistance prior to 

clinical trials and/or regulatory body approval.
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Figure 1. BMDM phagocytosis of target B cells is dependent on BMDM saturation status.
(A) BMDM were loaded with AF488 labelled 0.4-260 beads per BMDM and the extent of 

phagocytosis was assessed by flow cytometry and microscopy. Histogram show AF488 

intensity when BMDM are empty (0.4 beads per BMDM) or full (260 beads beads per 

BMDM). (B) Increasing the amount of bead per BMDM increased BMDM loading with 

plateaux above 26:1 (* denote statistical significance when compared to 260 beads per 

BMDM condition). (C) Differentially bead loaded BMDM were incubated together with 

target human CD20 transgenic murine splenic B cells opsonised with Ritm2a or an 
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Irrevelant antibody (Irr) and percentage of bead and B cell positive BMDM, (* denote 

statistical significance when compared to 0 beads per BMDM condition) and (D) B cell 

associated fluorescence after subtraction of Irr-B cell fluorescence (* denote statistical 

significance when compared to 0 beads per BMDM condition) is shown. Means of 4-5 

independent experiments, error bar: mean±SD, analysed by ANOVA.
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Figure 2. The influence of BMDM saturation on shaving and modulation with type I and type II 
anti-CD20 mAbs.
BMDM were loaded with differential bead densities (0-65 bead/BMDM) and co-cultured 

with human CD20 transgenic murine splenic B cells opsonised with (A and B) type I 

Ritm2a or (C and D) type II BHH2m2a (10μg/ml), subjected to the combined B cell 

phagocytosis and quenching assay and analysed by flow cytometry. BMDM and B cell gates 

were set to exclude beads from B cell and percentage of surface accessible CD20 and 

percentage of control total fluorescence calculated as described in materials and methods. 
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Means of 3-4 independent experiments, error bar ± SD, analysed by ANOVA, ns: not 

significant.
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Figure 3. In vivo depletion of murine circulating B cells by type I anti-CD20 mAb Ritm2a.
Human CD20 transgenic BALB/c mice were i.v administered with 2.5μg, 25μg or 250μg 

Ritm2a or 250μg of an irrelevant antibody WR17m2a and (A) percentage of circulating B 

cells (expressed as 100% at time 0) and (B) % CD20 compared to controls on B cells 

assessed by flow cytometry from tail blood at indicated time points. n=3 in each group 

(representative of two independent experiments).
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Figure 4. M1 macrophages accentuate loss of B cell total fluorescence under non-saturating 
conditions.
(A) BMDM stimulated with M1 and M2 stimulus LPS/IFN-γ and IL-4/-13 respectively for 

overnight were harvested and plated at 5x104 cells/well and assessed for their ability to 

phagocytose target cells by ADCP assay. Flow cytometry plots in the inset: Target cells were 

labelled with CFSE and BMDM with F4/80. CFSE+APC+ events indicate phagocytic 

macrophages. (B) BMDM were differentially saturated with beads and subjected to the 

combined B cell phagocytosis and quenching assay and analysed by flow cytometry where 

BMDMs and B cell gates were set to exclude contaminating beads and cells of contrasting 

lineages and B cell total fluorescence and (C) percentage surface accessible CD20 calculated 

as described in materials and methods. Means of 3-4 independent experiments, error bar± 

SD, analysed by ANOVA, ns: not significant.

Dahal et al. Page 19

J Immunol. Author manuscript; available in PMC 2019 February 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. Loss of surface CD20-Rituximab from Ramos cells can be attributed to modulation 
rather than shaving.
Human MDM pre-loaded with differential bead densities were co-cultured with target 

Ramos cells (effector:target ratio of 1:2) opsonised with 10μg/ml Herceptin-AF488 or 

Rituximab-AF488 for 16-18 hours. (A) Percentage of total rituximab:CD20 on Ramos cell 

surface following mAb opsonisation (4°C control), 16-18 hours incubation alone (37°C 

control), and 16-18 hours co-culture with MDMs (with or without beads pre-loaded). 

Quantification was performed by measuring decreases in fluorescence levels following 

quenching assay using Anti-A488 rabbit IgG1. (B) Quantification of rituximab:CD20 uptake 

through phagocytosis and shaving in MDM treated with different concentrations of beads 
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following 16-18 hours co-culture with Ramos cells. (C) Level of rituximab:CD20 in Ramos 

cells normalised to that of the 4°C and 37°C controls averaged. Loss in Ramos cell 

fluorescence levels in conditions that were co-cultured with MDMs reflect level of shaving 

by MDM. (D) Percentage of CD20 modulated from the surface of Ramos cells cultured 

alone or co-cultured with MDMs for 16-18 hours. Data are composite of 4 independent 

experiments using 4 different MDM donors, error bars: mean +/- SD, analysed by ANOVA, 

ns: not significant.
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Figure 6. Relative contribution of shaving and modulation for loss of CD20 from CLL cells with 
type I and II anti-CD20 mAbs.
(A) Confocal microscopy of Rituximab-pHrodo opsonised Hoescht33342 labelled B-CLL 

cells seen ingested by celltracker green labelled MDM. (B-D) Primary CLL samples were 

opsonised with RTX-AF488, (E-G) Obinutuzmab-AF488 or (H-J) BHH2-AF488 at 

10µg/ml for 30 minutes on ice before being cultured alone or co-cultured with MDMs pre-

loaded with different concentrations of beads for 16-18 hours at 37°C. Cells were cultured in 

96-well plates at an effector:target ratio of 1:5. Proportion of surface accessible mAb:CD20, 
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percentage of total mAb:CD20 and percentage of mAb:CD20 modulated from the surface of 

CLL cells normalised to that of the 4°C and 37°C controls is shown. Data composite of 3-5 

independent experiments, error bars mean± SD, analysed by ANOVA, ns: not significant.
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